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DESY 11-099LPSC 11-128MS-TP-11-12 Impat of squark avour violation on neutralino dark matterBj�orn Herrmann�Deutshes Elektronen-Synhrotron (DESY), Notkestra�e 85, D-22603 Hamburg, GermanyMihael KlasenyInstitut f�ur Theoretishe Physik, Universit�at M�unster,Wilhelm-Klemm-Stra�e 9, D-48149 M�unster, GermanyQuentin Le Boul'hzLaboratoire de Physique Subatomique et de Cosmologie,Universit�e Joseph Fourier/CNRS-IN2P3/INPG, 53 Avenue des Martyrs, F-38026 Grenoble, Frane(Dated: November 10, 2011)We disuss the possibility of new soures of avour violation in the squark setor of supersymmetrimodels in the ontext of the dark matter reli density. We show that the orresponding non-minimalavour violation terms in the squark mass matries an have an important impat on the thermallyaveraged (o)annihilation ross setion of the neutralino, and in onsequene an modify its preditedreli density. We disuss in detail the relevant e�ets and present a numerial study of neutralinoannihilation and oannihilation in this ontext. We also omment on the LHC phenomenology ofthe orresponding senarios. I. INTRODUCTIONAmong the numerous extensions of the standard model of partile physis, supersymmetry ranks among the mostpopular ones. In partiular, the Minimal Supersymmetri Standard Model (MSSM) is probably the best studiedsenario of new physis. It allows to ure the hierarhy problem by stabilizing the Higgs mass and leads to gaugeoupling uni�ation. Moreover, it inludes promising andidates for dark matter, whose presene remains the mostompelling observational evidene for physis beyond the standard model.Nevertheless, several open questions remain, e.g., onerning the avour struture of the theory. While models withminimal avour violation (MFV) [1{3℄ assume that the mehanism of avour violation is the same as in the standardmodel, the framework of non-minimal avour violation (NMFV) allows for new soures of avour mixing, dependingon the exat mehanism of supersymmetry breaking. In the former ase, the rotation of the Yukawa ouplings fromgauge to mass eigenstates remains the only soure of avour violation, and thus all avour-violating interations areparameterized through the CKM- and PMNS-matries as in the standard model. For NMFV, the terms originatingfrom the additional soures are not related to these matries, suh that they are onsidered as additional parametersat the SUSY sale.In reent years, supersymmetri senarios beyond minimal avour violation have reeived onsiderable attentionin the ommunity, espeially in the ontext of signatures at urrent or future olliders. Conerning (s)quark avourviolation, the prodution and subsequent deays of squarks and gluinos at the Large Hadron Collider (LHC) havebeen studied, e.g., in Refs. [4{9℄. Apart from the prodution of superpartners at olliders, the avour-violating termsalso appear in the (o)annihilation ross setion of the neutralino, whih is needed in the alulation of its reli densityfor a given senario.In ase of neutralino pair annihilation into quarks, the squarks appear as internal propagators. Additional avour-violating terms an then inrease the relative ontributions of these diagrams sine the mass splitting of the squarks�bjoern.herrmann�desy.deymihael.klasen�uni-muenster.dezleboulh�lps.in2p3.fr
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2is modi�ed. Moreover, NMFV allows for eÆient annihilation into �nal states, that are forbidden in the ase ofMFV. Flavour violating e�ets are also important in the ase of oannihilations of a neutralino with a squark, sinethe latter is then an external partile. The importane of suh proesses ruially depends on the mass di�ereneof neutralino and squark. The inreased mass splitting of the squarks an therefore have an important impat onoannihilation proesses. Finally, also in this ase new �nal states are opened, leading to additional oannihilationhannels. Reently, the impat of non-minimal avour violation in the setor of sleptons on the oannihilation of aneutralino with a slepton has been disussed in Ref. [10℄.The aim of the present paper is to provide a study of quark avour violation in the ontext of neutralino darkmatter. In this ontext, possible avour-mixing e�ets are generally not onsidered in the literature. We present adetailed analysis of neutralino pair annihilation and neutralino-squark oannihilation in the MSSM beyond MFV. InSe. II, we will briey introdue the MSSM with NMFV in the setor of squarks and disuss its parameterization.The role of generation mixing in the ontext of neutralino (o)annihilations is disussed in detail in Se. III. Se. IVis then devoted to numerial examples in the ontext of neutralino (o)annihilation and its reli density. A disussionof LHC phenomenology for the orresponding senarios follows in Se. V. Finally, onlusions are given in Se. VI.II. THE MSSM BEYOND MINIMAL FLAVOUR VIOLATIONIn the standard model, the only soure of avour violation are the Yukawa interations, sine their diagonalizationleads to a mismath between avour and mass eigenstates of quarks and leptons. The avour struture of the quarksetor is very well desribed by the Cabibbo-Kobayashi-Maskawa (CKM) matrix, whih only appears in hargedurrents, while avour hanging neutral urrents are strongly suppressed. In supersymmetri theories with minimalavour violation (MFV), the Yukawa matries remain the only soure of avour violation, so that all avour violatinginterations of squarks are also related to the CKM-matrix. However, new soures of avour violation may be presentin supersymmetri models, espeially if they are embedded in a grand uni�ation framework. Depending on the exatrealization and the involved representations, spei� relations to the Yukawa matries an lead to avour non-diagonalentries in the soft-breaking terms. These are not related to the CKM-matrix and the orresponding framework is inonsequene referred to as non-minimal avour violation (NMFV).Considering the most general avour struture, the squark mass matries at the eletroweak sale take the formM2~q =  M2~q;LL M2~q;LRM2~q;RL M2~q;RR ! (1)for q = u; d, respetively. Their diagonal bloks are given byM2~d;RR = M2~D +m2d + edm2Z sin2 �W os 2�; (2)M2~d;LL = M2~Q +m2d +m2Z os 2�(Id � ed sin2 �W ); (3)M2~u;RR = M2~U +m2u + eum2Z sin2 �W os 2�; (4)M2~u;LL = VCKMM2~QV yCKM +m2u +m2Z os 2�(Iu � eu sin2 �W ); (5)where M ~Q, M ~U , and M ~D are the soft-breaking mass terms of the squarks. The diagonal mass matries of up- anddown-type quarks are denoted mu and md. Due to the SU(2) symmetry, the left-left entries are related through theCKM-matrix VCKM. The above expressions also involve the mass mZ of the Z-boson, the frational eletri hargeeq and the weak isospin Iq of the (s)quark, the weak mixing angle �W , and the Higgs-mixing parameter � de�nedthrough the ratio of the vauum expetation values of the two Higgs doublets, tan� = vu=vd.The o�-diagonal bloks of the matrix in Eq. (1) are given byM2~u;RL = �M2~u;LR�y = vup2TU � ��mu ot�; (6)M2~d;RL = �M2~d;LR�y = vdp2TD � ��md tan�; (7)where � is the Higgs mass parameter. The trilinear matries TU;D are related to the soft-breaking matries Au;dand the respetive Yukawa matries Yu;d through (TU;D)ij = (Au;d)ij (Yu;d)ij . At the GUT sale, the usual CMSSMondition (Au)33 = (Ad)33 = A0 applies, and the numerial values for Au;d at the SUSY sale are obtained throughrenormalization group running. All parameters appearing in Eqs. (2) to (7) are understood to be in the super-CKM



3basis, where the neutral urrents are avour-diagonal and the quark (but not the squark) �elds are in the masseigenstate basis [11, 12℄.In order to have a senario-independent and dimensionless parameterization of avour-mixing, the o�-diagonalentries are usually normalized to the diagonal ones aording toÆLLij = �M2~Q�ij =q�M2~Q�ii�M2~Q�jj ; (8)Æu;RRij = �M2~U�ij =q�M2~U�ii�M2~U�jj ; (9)Æd;RRij = �M2~D�ij =q�M2~D�ii�M2~D�jj ; (10)Æu;RLij = vup2�TU�ij =q�M2~Q�ii�M2~U�jj ; (11)Æd;RLij = vdp2�TD�ij =q�M2~Q�ii�M2~D�jj ; (12)Æu;LRij = vup2�T yU�ij =q�M2~U�ii�M2~Q�jj ; (13)Æd;LRij = vdp2�T yD�ij =q�M2~D�ii�M2~Q�jj : (14)The normalization fator is de�ned in terms of the orresponding diagonal elements of the soft-breaking matries. Weemphasize that the following numerial analysis is based on the diagonalisation of the full 6� 6 mass matries. Thisis realized by introduing two rotation matries, suh thatR~qM2~qRy~q = diag �m2~q1 ; : : : ;m2~q6� (15)with the mass order m~q1 � : : : � m~q6 for q = u; d, respetively. The rotation matries appear in the ouplings ofsquarks with other partiles, and, in onsequene, the avour-violating elements will inuene observables like deaywidths or prodution and annihilation ross setions. Analytial expressions for ouplings inluding squark generationmixing an, e.g., be found in Refs. [4{6℄. We shall disuss the relevant ouplings for our analysis in more detail inSe. III.A large variety of experimental measurements puts onstraints on the parameter spae of new physis models.Below are summarized all the onstraints that will be onsidered (at the 95% on�dene level) in this study. Themost important one for study this is naturally the reli density of old dark matter. Combining data from the WMAPsatellite and other osmologial measurements, the reli density of dark matter in the universe is onstrained to [13℄
CDMh2 = 0:1126� 0:0036; (16)where h denotes the present Hubble expansion rate H0 in units of 100 km s�1Mp�1.Then, searhes for superpartners at LEP and Tevatron lead to the following mass limits for Higgs bosons, neutralinos,harginos, squarks, and gluinos: mh0 > 114:4 GeV, m~�01 > 46 GeV, m~��1 > 94 GeV, m~t1 > 96 GeV, m~g > 308 GeV[14℄. Moreover, reent results from the Large Hadron Collider (LHC) lead to more stringent limits for squarks andgluinos within the onstrained MSSM [15℄. These limits are based on the hypothesis of minimal avour violation, sothat we do not take them into aount expliitly in the present study. Note, however, that the senarios onsideredin the following feature rather heavy gluinos. For the lightest Higgs boson, we require mh0 > 111:4 GeV, taking intoaount a theoretial unertainty of 3 GeV [16℄.Moreover, preision measurements in the setor of D-, B-, and K-mesons onstrain some of the avour-violatingelements in the mass matries. In partiular, avour mixing involving the �rst generation of squarks is severely limited[11, 12, 17℄. We therefore fous on avour mixing between the seond and third generation squarks.The most relevant onstraints on suh avour mixing are listed in Tab. I together with the urrent experimentalmeasurements and the theoretial error estimate. If not indiated otherwise, they are taken from Refs. [14, 18℄.They inlude branhing ratios of rare deays, B-meson osillation measurements, the eletroweak �-parameter, andthe anomalous magneti moment of the muon. For the latter, taking into aount reent alulations whih bringthe standard model theoretial expetation loser to the experimental measured value [19℄, we use only the upperbound given in [14℄ as a onstraint. In the following study, the most important limits are imposed through the preisemeasurements of the rare deay b! s and the B-meson osillation parameter �MBs .



4TABLE I: Experimental onstraints on the MSSM parameter spae, in partiular on quark avour violating elements.Exp. value Exp. error Theor. unertainty104 � BR(b! s) 3:55 �0:26 �0:23 [20℄108 � BR(Bs ! �+��) < 5:6 [21℄�MBs [ps�1℄ 17:77 �0:12 �3:3 [22℄�� < 0:0012 [23℄1011 ��a� 255 �80
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6+2os�sin� hR~uji m2uiR~u�ki +R~uj(i+3)m2uiR~u�k(i+3)i+ sin�sin� h��R~uj(i+3)muiR~u�ki + �R~ujimuiR~u�k(i+3)i+os�sin� vup2 3Xl=1 hR~uj(i+3) (TU )il R~u�kl +R~uji (T yU )il R~u�k(l+3)i�: (24)From this expression, the oupling to the heavy salar Higgs is obtained through the replaements h0 ! H0 and� ! � + �=2. Moreover, ouplings of down-type squarks to the neutral salar Higgses are obtained by replaing~ui ! ~di and sin� ! os�. Finally, the ouplings of up-type squarks to a pseudosalar Higgs-boson are given by [6℄CA0~uj ~uk = �i g22mW 3Xi=1 h��R~uj(i+3)muiR~u�ki + ot� vup2 3Xl=1 R~uj(i+3)(TU )ilR~u�kl + h.i: (25)Again, the expressions for down-type squarks an easily be obtained through ~ui ! ~di and ot� ! tan�.The e�ets of the modi�ed mass eigenvalues and the modi�ed ouplings are superimposed. Sine the two e�ets arelinked together through their same origin (see Eq. (15)), the separate impats on the (o)annihilation ross setionand the neutralino reli density annot be disentangled. However, some general features an be expeted. The e�etof the modi�ed squark mass eigenvalues on oannihilation is expeted to be stronger than in the ase of neutralino pairannihilation due to the exponential fator already mentioned above. Moreover, the squark is here an external partile,and the impat of its mass on the phase spae is more important than the mass in the t- or u-hannel propagator.The impat of the modi�ed avour ontents of the involved squarks, i.e. the e�et of the rotation matrix in theoupling, is expeted to be smaller than the mass e�et. This is again due to the exponential fator in Eq. (18). Notealso that, the mixing being unitary, the newly opened hannels an be (partially) ompensated by the simultaneousdiminution of other ontributions. The ompensating ontribution an, however, turn out to be forbidden in spei�kinematial on�gurations and the impat of the new ontributions an be signi�ant. This is in partiular the asewhen the neutralino is too light to annihilate into top-quark pairs, i.e. for m~�01 < mt. The avour violating elementslead then to a ~ admixture in the lightest squark, whih then allows for neutralino pair annihilation into top andharm quarks.Note that there an also be oannihilation of a neutralino with an up-(down-)type squark into a harged Higgs bosonH� or a W-boson together with a down-(up-)type quark. In this ase, the u-hannel diagram inludes a harginopropagator and in onsequene the orresponding hargino-squark-quark oupling, while the s- and t-hannel diagramsinvolve ouplings of up- and down-type squarks to the harged Higgs or W-boson. Analytial expressions for theseouplings an be found in Refs. [4, 6℄. Sine they are rather similar (with obvious replaements, e.g., onerning gauginomixing) to the interations given in Eqs. (19) to (24), they are not displayed in detail here. Note, however, that theseouplings expliitly depend on the CKM-matrix. The general argumentation given above remains unhanged.IV. NUMERICAL ANALYSISThe following numerial analyses are mainly based on the onstrained MSSM with the �ve parameters m0, m1=2,A0, tan�, and sgn(�). We also onsider variants of this model featuring non-universal Higgs or gaugino masses.Starting from the high-sale parameters, the soft-breaking terms at the sale Q = 1 TeV [28℄ are obtained throughrenormalization group running using the publi program SPheno 3 [16℄. At the same sale, we introdue the non-diagonal entries in the squark mass matries as disussed in Se. II. The physial mass spetrum is then alulatedagain using SPheno, whih takes into aount the general avour struture. The same ode is also used for theevaluation of the onstraining observables mentioned in Se. II, again taking into aount squark generation mixing.For the standard model parameters, we refer the reader to Ref. [14℄. The pole mass of the top-quark is taken to bemtop = 173:1 GeV aording to reent measurements from D0 and CDF [29℄. The CKM-matrix is taken in the usualWolfenstein parametrization with the reent values � = 0:2253, A = 0:808, �� = 0:132, and �� = 0:341 [14℄.Making use of the SUSY Les Houhes Aord [30℄, the mass spetrum and related mixing parameters are transferredto the publi program mirOMEGAs 2.4 [31℄ in order to evaluate the reli density of the neutralino. The alulationof the annihilation ross setion is done by the program CalHEP [32℄, where we have implemented the MSSM withsquark generation mixing as disussed in Se. II. The orresponding model �les have been obtained using the pakageSARAH [33℄. We also inlude important e�ets from the running strong oupling onstant and running quark masses,as they are also inluded in the default implementation of the MSSM in mirOMEGAs / CalHEP.
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FIG. 3: Cosmologially favoured region and related exlusion limits in the (m0, m1=2) plane of the CMSSM for Æu;RR23 = 0 (left)and Æu;RR23 = 0:98 (right). A. Constrained MSSMIn order to illustrate the numerial inuene of avour violating elements, we start by analyzing the neutralino relidensity within the onstrained MSSM (CMSSM), where we allow for avour violation between the seond and thirdgeneration of up-type squarks in the right-right hiral setor. In Fig. 3, we show typial sans of the m0-m1=2 planefor �xed values of A0 = �500 GeV and tan� = 10 and for positive values of �. The osmologially favoured regionof parameter spae aording to Eq. (16) together with the relevant onstraints disussed in Se. II are shown for thease of minimal avour violation (MFV, Æu;RR23 = 0) and for the ase of important o�-diagonal elements, Æu;RR23 = 0:98.In the ase of MFV, the most stringent onstraints on this parameter plane are due to a harged dark matterandidate (low m0), tahyoni solutions of the renormalization group equations (high m0 and low m1=2) as well asthe onstraints from b ! s and the lightest Higgs mass (low mass region). The osmologially favoured region ofparameter spae is divided into several distint regions: the so-alled fous point region (high m0, not visible here),the resonane of the light Higgs boson (low m1=2 and moderate m0), and the oannihilation region (lose to theexlusion due to a harged dark matter andidate), where the neutralino mass is lose to the stau mass.In the orresponding �gure for the NMFV-ase, we depit the same onstraints together with the relative ontribu-tion from new (o)annihilation hannels as disussed in Se. III. In this ase, this involves neutralino pair annihilationinto a mixed harm-top �nal state and oannihilation of a neutralino with the lightest squark ~u1.In the latter orresponding region (m1=2 >� 450 GeV), where the reli density onstraint is ful�lled, the massdi�erene between the lightest squark and the neutralino is about 30 GeV, as an be seen from the left panel of Fig.4, where we show the osmologially favoured regions of parameter spae in the plane of the physial masses. Thedominant annihilation proesses are then ~�01~u1 ! gt (30%) and ~u1~u1 ! gg (25%). Two other important proessesare neutralino annihilation into pairs of top quarks (10%), and ~�01~u1 ! g (15%). Note that the presene of a harmquark in the �nal state is a genuine e�et of avour violation. Indeed, as a onsequene of the o�-diagonal elementsin squark mass matries, the lightest up-type squark is here a mixing of ~tR and ~R (with a small admixture of ~tL),opening up the (o)annihilation into harm-quarks.For lower masses (e.g. m0 � 200 GeV and m1=2 � 400 GeV), oannihilation proesses suh as ~�01~u1 ! gt= are stillimportant (20%). However, the squark being muh lighter (m~u1 � 190 GeV), the squark pair annihilation ~u1~u1 ! ggis now subdominant. Moreover, the neutralino mass of m~�01 � 160 GeV (see Fig. 4 left) forbids annihilation intotop quark pairs. As a onsequene, the avour violating proess ~�01 ~�01 ! t�(�t), whih is kinematially allowed andenhaned by the rather light squark in the t-hannel propagator, beomes important (40%). This is represented bythe green area in the left part of the plot. Notie the ut at m1=2 � 420 GeV, whih orresponds to m~�01 � mt.For m~�01 > mt, neutralino annihilation into top quark pairs is kinematially allowed, and the t�(�t) �nal state issuppressed. This an also be seen in relation to the physial neutralino and squark masses in Fig. 4 left. For low m1=2but large m0, the squark being heavier, oannihilation is not relevant and neutralino annihilation into t�(�t) is lessimportant. Therefore, even if the relative ontribution of this hannel is still important, its absolute ontribution isnot large enough to satisfy the reli density onstraint.
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FIG. 4: Cosmologially favoured region and related exlusion limits for Æu;RR23 = 0:98 in the (m~�01 , m~u1 �m~�01) plane for �xedA0 = �500 GeV and tan � = 10 (left) and in the (Æu;RR23 , A0) plane for �xed m0 = 200 GeV and m1=2 = 400 GeV (right).In the region exluded by BR(b! s) most of the deviation from the standard model value omes from large negativehargino ontributions due to the smallness of the stop and/or hargino mass. There is, however, no signi�ant e�etoming from the avour violating parameter Æu;RR23 , sine BR(b ! s) onstrains mainly avour violation in theleft-left setor.Let us now disuss the interplay of heliity mixing and additional avour mixing. The former is indued throughthe trilinear matries TU (see Eq. (6)) and thus the GUT-sale parameter A0, while the latter is inluded at theeletroweak sale through the parameter Æu;RR23 . In the ase of MFV, i.e. for Æu;RR23 = 0, a rather large jA0j is neededin order to derease the stop mass lose to the neutralino mass, and therefore allow for eÆient oannihilation. Forsizeable additional avour mixing, the oannihilation is important already for lower values of A0, sine the squarkmass splitting is then inreased by the o�-diagonal elements in the mass matrix.This is illustrated in the right graph of Fig. 4, where the onstraints, osmologially favoured regions, and di�erentontributions to the annihilation ross setion are shown in the (A0,Æu;RR23 ) plane. The mass splitting of the squarksdepends strongly on both of these parameters, whih therefore have a ompetitive e�et on the light stop mass.As a onsequene, as explained above, one of these parameters has to be large in order to allow for an importantoannihilation ontribution. On the other hand, the avour violating e�ets are only related to Æu;RR23 . Therefore theavour violating neutralino annihilation proesses depend mainly on this parameter. The only possibility to satisfysimultaneously the reli density and BR(b ! s) onstraints is for very large Æu;RR23 and a rather low A0. This isexplained by the strong dependane of BR(b! s) on the squark mass spetrum, and therefore on A0. Contrary, andas explained above, BR(b! s) does not depend on any avour mixing among right up-type squarks, and the masse�ets beome important only for very large values of Æu;RR23 . It has been heked that the other onstraints desribedin Tab. I are ful�lled in the whole parameter spae shown in Figs. 3 and 4. Moreover the alulated spetrum isompatible with the mass limits given in Se. II, exept for the stop in some regions where it is the LSP (i.e. alreadyexluded).Next, we study the possibility that not only the parameter Æu;RR23 is large, i.e. of O(1), while all others are small,whih might not be very natural. We therefore show in Fig. 5 the osmologially favoured region and related exlusionlimits in the (Æu;RR23 ; Æu;LR23 ) plane for �xed m0 = 200 GeV, m1=2 = 400 GeV, and A0 = �500 GeV. We observe thatthe seond avour-violating parameter Æu;LR23 an reah values up to 0:15 before being onstrained by the lower Higgsmass bound of 111:4 GeV. Similarly, the RL and LL parameters (not shown) are restrited by the FCNC proessb! s to values below 0:15 and 0:1, respetively, as would be the LR parameter if one applied this limit at the two(not three) sigma level.In Fig. 6 we show for a given parameter point the neutralino reli density and the ontributing proesses as afuntion of the avour-violation parameter Æu;RR23 . While for the ase of MFV, this senario is osmologially stronglydisfavoured with 
~�01h2 >� 20, the reli density dereases with inreasing avour mixing to reah the favoured valueof 
~�01h2 � 0:11 for Æu;RR23 � 0:98. For low values of Æu;RR23 , the annihilation is dominated by lepton �nal states (about



9

uRR,23δ
0 0.2 0.4 0.6 0.8 1

uL
R

,2
3

δ

0

0.2

0.4

0.6

0.8

1
Charged LSP

Non physical solutions

σWMAP favoured at 2 

σ excluded at 3 γ s →b 

 coannihilation > 30%1u~

Annihilation in top-charm > 50%

 < 111.4 GeV0hm

uRR,23δ
0 0.2 0.4 0.6 0.8 1

uL
R

,2
3

δ

0

0.2

0.4

0.6

0.8

1
 > 0µ = 10, β = - 500 GeV, tan 

0
 = 400 GeV, A

1/2
 = 200 GeV, m0m

FIG. 5: Cosmologially favoured region and related exlusion limits in the (Æu;RR23 ; Æu;LR23 ) plane for �xed m0 = 200 GeV,m1=2 = 400 GeV, and A0 = �500 GeV.

uRR,23δ
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

2
.h

Ω

-210

-110

1

10

uRR,23δ
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

2
.h

Ω
R

el
at

iv
e 

C
on

tr
ib

ut
io

n 
to

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

t t → χ∼ χ∼

 f V/H→ t~ χ∼

t c → χ∼ χ∼

l l → χ∼ χ∼

 g g→ t~ t~
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~�01h2 � 0:11.For ompleteness, we show in Fig. 7 the masses of the two lightest up-type squarks, the gluino, and the lightest
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FIG. 7: Masses of the two lightest up-type squarks, gluino, and lightest neutralino (left) and avour deomposition of lightestup-type squark (right)as a funtion of Æu;RR23 for m0 = 1500 GeV, m1=2 = 680 GeV, A0 = �500 GeV, tan � = 10, and � > 0.neutralino as a funtion of the NMFV-parameter Æu;RR23 as well as the avour deomposition for the same senario asdisussed above. The squark mass splitting is inreased due to the additional o�-diagonal entries in the mass matrix,so that the mass of ~u1 dereases. For large avour mixing, it omes lose to the neutralino mass, leading to theimportant oannihilation as seen in Fig. 4. The masses of ~u2 (= ~L), the neutralino and the gluino remain pratiallyuna�eted by the onsidered generation mixing.B. Non-universal gaugino massesWhen onsidering SO(10) grand uni�ation theories (GUT), the properties of the SUSY breaking mehanism arerelated to the breaking of an SU(5) subgroup into the standard model gauge group SU(3) � SU(2) � U(1). Therelations between the gaugino masses Mi (i = 1; 2; 3) at the uni�ation sale are given by the embedding oeÆientsof the standard model groups in SU(5). In partiular, the uni�ation onstraint Mi = m1=2 of the CMSSM an berelaxed without spoiling the uni�ation of the gauge ouplings. Three independent parameters are then needed to fullyparameterize the gaugino setor. A possible set is the wino mass M2 together with the two dimensionless variablesx1 =M1=M2 and x3 =M3=M2. The ase x1 = x3 = 1 orresponds to the CMSSM disussed above. Previous studieshave shown that non-universal gaugino mass models have an interesting dark matter phenomenology [34, 35℄.We start by showing the relevant onstraints in the (m0, M2) plane for A0 = 0 GeV, tan� = 10, � > 0, x1 = 1=2and x3 = 7=4 in the upper panels of Fig. 8. The avour violating parameter Æu;RR23 is set to zero (left) and to 0:95(right). In both ases, one WMAP-favoured region is situated around the resonane of the lightest Higgs-boson (forM2 � 300 GeV). The neutralino-stau oannihilation region is also present in both ases for m0 � 100 GeV, next tothe stau-LSP region. For M2 >� 700 GeV, due to the large mass splitting for Æu;RR23 = 0:95, the squark-LSP regionand its neighbouring oannhilation region are present, as it is the ase in the CMSSM (see Fig. 3 right). In this ase,a region with sizeable relative ontribution from neutralino pair annihilation into t� is also present. Note that, dueto the non-universality, the neutralino an be lighter as ompared to the CMSSM. Therefore, this region is boundedat a ertain value of M2, sine below this bound the neutralino is not heavy enough to kinematially allow the topprodution. An upper bound for this region at a higher value of M2 is also observable, sine above this value theneutralino is heavy enough to produe top quark pairs. As a result, this region lies in the range 450 <� M2 <� 850GeV. The region exluded by the b ! s branhing ratio is signi�antly larger for Æu;RR23 = 0:95 (m0 < 1200 GeV,M2 < 150 GeV) than for Æu;RR23 = 0 (m0 < 450 GeV, M2 < 100 GeV). For Æu;RR23 = 0:95 this region is similar to theone exluded by the light Higgs mass.We then show in the lower panels of Fig. 8 the onstraints in the (x1,x3) plane for a partiular point of the parameterspae for Æu;RR23 = 0 (left) and Æu;RR23 = 0:95 (right). Note that the hosen point, for Æu;RR23 = 0:95 (i.e right panel) andx1 = 1=2, x3 = 7=4, orresponds to a point where the reli density lies in the WMAP interval (see upper right panelof Fig. 8). For Æu;RR23 = 0 di�erent allowed regions are visible. One is the very low x1 (� 0:2) region in whih the



11

 (GeV)2M
100 200 300 400 500 600 700 800 900 1000

 (
G

eV
)

0
m

500

1000

1500

2000

2500
Charged LSP

Non physical solutions

σWMAP favoured at 2 

σ excluded at 2 γ s →b 

 < 111.4 GeV0h
m

 (GeV)2M
100 200 300 400 500 600 700 800 900 1000

 (
G

eV
)

0
m

500

1000

1500

2000

2500
 = 0uRR,23δ > 0, µ = 10, β = 0, tan 

0
 = 7/4, A

3
 = 1/2, x1x

 (GeV)2M
100 200 300 400 500 600 700 800 900

 (
G

eV
)

0
m

500

1000

1500

2000

2500 Charged LSP

Non physical solutions

σWMAP favoured at 2 

σ excluded at 2 γ s →b 

 coannihilation > 30%1u~

Annihilation in top-charm > 50%

 < 111.4 GeV0h
m

 (GeV)2M
100 200 300 400 500 600 700 800 900

 (
G

eV
)

0
m

500

1000

1500

2000

2500
 = 0.95uRR,23δ > 0, µ = 10, β = 0, tan 

0
 = 7/4, A

3
 = 1/2, x1x

1x
0 0.5 1 1.5 2

3x

0

0.5

1

1.5

2 Charged LSP
Non physical solutions

σWMAP favoured at 2 
σ excluded at 2 γ s →b 

 < 111.4 GeV0hm

1x
0 0.5 1 1.5 2

3x

0

0.5

1

1.5

2
 = 0uRR,23δ > 0, µ = 10, β = 0, tan 

0
 = 700 GeV, A

2
 = 320 GeV, M0m

1x
0 0.5 1 1.5 2

3x

0

0.5

1

1.5

2
Charged LSP

Non physical solutions

σWMAP favoured at 2 

σ excluded at 2 γ s →b 

 coannihilation > 30%1u~

Annihilation in top-charm > 50%

 < 111.4 GeV0hm

1x
0 0.5 1 1.5 2

3x

0

0.5

1

1.5

2
 = 0.95uRR,23δ > 0, µ = 10, β = 0, tan 

0
 = 700 GeV, A

2
 = 320 GeV, M0m
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12Among the other observables given in Tab. I, the ones whih exlude some regions of the parameter spae presentedhere are �a� and ��, but only in the very low mass region whih is already partially exluded by BR(b ! s).For the plots in the (m0, M2) plane the neutralino mass exludes the region M2 < 250 GeV and the hargino massexludes the region M2 < 150 GeV. The stop mass exludes also some region for whih it is the LSP (i.e. alreadyexluded). For the plots in the (x1, x3) plane, the neutralino mass exludes the region x1 < 0:1.C. Non-universal Higgs massesSimilarly to the mehanism leading to non-universal gaugino masses in SO(10) SUSY GUTs, depending on theexat representation to whih the Higgs doublets belong, their orresponding SUSY breaking masses mHD and mHUneed not neessarily be the same. In non-universal Higgs mass models they an therefore be treated as independentparameters at the high sale [36, 37℄. For mHU = mHD = m0 the standard CMSSM is reovered.We start by studying the (m0, m1=2) plane for �xed mHU = 1250 GeV, mHD = 2290 GeV, A0 = 0, tan� = 10,and � > 0. The resulting exluded and osmologially favoured regions are shown in Fig. 9 (upper panels), again forboth the ase of MFV (Æu;RR23 = 0) and a rather large avour mixing parameter Æu;RR23 = 0:95. For Æu;RR23 = 0, the onlyallowed regions arise from the oannihilation of the neutralino with the superpartners of the tau or neutrinos andfrom the annihilation of neutralino pairs into W�-bosons and top quark pairs due to the high higgsino omponent.The latter region is atually divided into two parts, parallel to the exluded region where ertain squared sfermionmasses beome negative.For Æu;RR23 = 0:95, new ontributions from ~�01 ~�01 ! �t(t�) make their appearane, as it is also the ase in the disussedCMSSM and NUGM senarios. Here, however, important oannihilations of the neutralino with the lightest squarkare present, leading to a ompletely modi�ed piture with respet to the MFV ase. Among the WMAP favouredregions, only the one due to oannihilation survives the b ! s onstraint. The disussion of this onstraint (as allthe onstraints given in Tab. I) is here similar to the CMSSM one.Let us now study the (mHU , mHD ) plane for �xed values of m0 = 900 GeV and m1=2 = 700 GeV, shown in Fig. 9(lower panels). For Æu;RR23 = 0 the situation is quite similar as desribed above. Two parallel allowed regions, where theneutralino is strongly higgsino and annihilating through the light Higgs resonane, are present. In addition, two otherallowed regions, orresponding to the heavy neutral Higgs resonane, are observed for largeMHU . Allowing for avourviolation (Æu;RR23 = 0:95), two large additional allowed regions appear, where neutralino-squark oannihilation proessesare dominant (up to 50% inluding light squark annihilation into gluons). Note that the orresponding WMAP-favoured areas are very large as ompared to Æu;RR23 = 0. The avour violating annihilation hannel ~�01 ~�01 ! �t(t�) isless important in this ase.Again, all onstraints have been heked to be ful�lled in the shown parameter spae, exept for the light neu-tralino/hargino mass in the region whih lies lose to the unphysial region.V. LHC PHENOMENOLOGYFinally, we disuss the ollider phenomenology orresponding to CMSSM senarios that feature new annihilationor oannihilation hannels indued through avour violating elements. Typial signatures for quark avour violationin the ontext of squark prodution at hadron olliders have been disussed in Refs. [6{8℄. A partiularly promisingproess is the prodution of the lightest squark-antisquark pair, and their subsequent deay into harm- and top-quarks. The rather lean signature pp ! ~u1~u�1 ! �t(t�)~�01 ~�01, where the neutralinos would manifest as sizeablemissing energy, might lead to up to 104 events at the LHC with ps = 14 TeV and an integrated luminosity of 100fb�1 [7℄.Alternatively, new ontributions to the deay t!  an inrease its branhing ratio to as muh as 10�6 and thusrender it detetable, e.g., in t�t prodution at the LHC, as has been pointed out in Refs. [38, 39℄. In the ase in whihÆu;LR23 is strongly onstrained, e.g. by the Bs mixing, and only Æu;RR23 is large, several years of high-luminosity operationmight, however, be required.In order to evaluate the prodution of squarks and gluinos at the LHC, we have omputed the relevant ross setionsusing the Monte-Carlo pakage WHIZARD 1.95 together with the assoiated matrix element generator O'MEGA [40℄,where the MSSM with the most general generation mixing as disussed in Se. II has been implemented [7℄. We haveemployed the CTEQ6L [41℄ set for the parton distribution funtions, the fatorization sale being set to the average ofthe produed masses. Finally, the branhing ratios of squarks and gluinos have been obtained using SPheno [16℄.In the �rst graph of Fig. 10, we show the obtained dominant prodution modes of squarks and gluinos at the LHCwith ps = 14 TeV for the example senario already disussed in Se. IVA. In the ase of MFV (Æu;RR23 = 0), gluino
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15where again the gluino deays into a top quark and the proess is understood to inlude all possible ombinations of(s)quarks and anti(s)quarks.In the seond graph of Fig. 10, we show the mentioned signal ross setions as a funtion of the NMFV-parameterÆu;RR23 . As disussed above, the signature in Eq. (26) inreases with Æu;RR23 , but drops when m~u1 �m~�01 < mtop, i.e.in the region where oannihilations with the lightest squark are most important. In this region, avour violatingsignatures an be expeted from the proesses in Eqs. (27) and (28). They feature, however, ross setions that aresmaller by about two orders of magnitude.For the LHC with ps = 14 TeV and an integrated luminosity of 100 fb�1, the strongest signal in Eq. (26) an in ourexample senario lead to up to about 104 events. As disussed in Ref. [7℄, this signature is rather lean and not subjetto important bakgrounds. The region, where the orret reli density is ahieved through eÆient oannihilation,however, forbids this partiular hannel. The other potentially interesting hannels may then lead to about a fewhundred events eah. Note that the event rate, the exat dependene on the NMFV-parameters, as well as the darkmatter reli density are senario-dependent. We an, however, expet a similar behaviour for other senarios in theNMFV-MSSM. VI. CONCLUSIONSWhile the Minimal Supersymmetri Standard Model (MSSM) with a most general avour struture has beenextensively studied in the ontext of ollider signatures, the possibility of squark avour mixing has not been onsideredfor observables related to dark matter so far. However, as the LHC is running and more preise osmologial andastrophysial experiments are taking data or being set up, it will beome more and more important to take intoaount suh e�ets when studying the interplay between ollider and astropartile phenomenology.In the ase of neutralino dark matter in supersymmetri theories, avour violating ouplings an inuene the(o)annihilation ross setion, and in onsequene the predited reli density, in di�erent ways. The strongest e�etis due to the modi�ed mass spetrum of squarks, the lightest squark beoming lighter with inreasing avour non-diagonal terms in the mass matries. The exhange of squarks in neutralino pair annihilation as well as the presene ofoannihilation with a squarks beome then important. Another e�et omes from the fat that ouplings of neutralinosto squarks are not diagonal in avour spae any more. This opens new (o)annihilation hannels, suh as ~�01 ~�01 ! �tor ~�01~u1 ! h0(g; Z0), whih an give sizeable ontributions to the annihilation ross-setion already for moderateavour violation parameters.Considering avour mixing in the setor of right-handed up-type squarks, we have shown that the modi�ed squarkmasses and avour ontents have a strong impat on the (o)annihilation modes. New annihilation hannels are openeddue to the presene of non-diagonal ouplings in avour spae. These new ontributions may beome numeriallyimportant in partiular regions of the parameter spae. As a onsequene, new regions that are ompatible with thereli density onstraint are opened. We emphasize the fat that these new regions are not exluded by the ratherstrong onstraints imposed by avour physis observables. Moreover, e�ets of lepton avour violation on neutralinodark matter have reently been disussed in Ref. [10℄.A brief study of the orresponding LHC phenomenology has shown that the lean signature pp ! �tEmissT , thathas reently been studied in Ref. [7℄, an only be realized for moderate avour mixing, when the lightest squarkmass omes not too lose to the neutralino mass. For rather large avour violation, however, this hannel is losedand NMFV-signatures arise through prodution and deay of gluinos rather than squarks. Suh signatures inludeprodution of a top quark in assoiation with harm-jets and may yield a few hundred events at the LHC with ps = 14TeV and an integrated luminosity of 100 fb�1.Sine the annihilation ross setion of the neutralino also governs the partile uxes, avour violating ouplingswould also have an impat on indiret detetion of dark matter. In partiular, additional ~{~t mixing, as disussed inthis paper, would hange the spetrum of photons originating from dark matter annihilation. The impat of avourmixing is, however, expeted to be very small ompared to the astrophysial unertainties in this ontext.Diret dark matter detetion might also be inuened by the disussed avour mixing. Here, the sattering of aneutralino o� a nuleus an proeed through squark-exhange, suh that the harm-ontent in the nuleon beomesrelevant if the lightest squark is a mixture of stop and sharm. In the same way, avour mixing in the setor ofdown-type squarks would inrease the importane of the strange quark in the nuleus. Detailed studies of diret orindiret detetion of dark matter in the ontext of avour violation are, however, beyond the sope of this work.
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